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1 INTRODUCTION  
Bridges consisting of steel tubes welded together to 
form truss girders represent an industry trend that 
has received much recent attention from practicing 
engineers, code writing authorities, and researchers. 
The merits of these structures are cited in a number 
of references. One of their often cited weaknesses, 
and thus an area meriting further study, is the rela-
tively poor fatigue performance of their joints. 
Two ways of improving this fatigue performance 
have been considered in recent studies: 1) replacing 
the directly welded joints with cast steel nodes, and 
2) improving the performance of the fatigue-critical 
welds by post-weld treatment (PWT). 
The use of residual stress-based PWT methods 
such as needle or hammer peening to improve the fa-
tigue performance of tubular bridge joints has re-
cently been investigated in a laboratory test-based 
study (Schumacher 2003) and a subsequent prob-
abilistic fracture mechanics-based study (Walbridge 
et al. 2003, Walbridge 2005). This paper presents a 
number of key findings from this second study. 
Specifically, probabilistic models developed in 
this second study are used to analyze a full-scale tu-
bular bridge structure under realistic loading condi-
tions. In Section 2 of this paper the probabilistic 
models used for this analysis are briefly described. 
Following this, an example bridge structure is de-
scribed and the results of a deterministic, code-based 
fatigue verification of this structure are presented. A 
probabilistic analysis of the example structure is 
then performed. With the results of this analysis, the 
deterministic verification procedure is validated and 
the benefit of post-weld treatment by needle peening 
is evaluated. Finally, in order to assess the implica-
tions of fatigue cracking at the weld root, a determi-
nistic verification of this fatigue detail is presented. 
Shortcomings of this verification are then discussed, 
and future research needs highlighted. 
2 PROBABILISTIC MODEL OVERVIEW 
The probabilistic models employed herein allow the 
probabilities of fatigue failure of single potential 
crack sites (i.e. hot-spots) in tubular joints and entire 
tubular truss structures with multiple potential crack 
sites to be determined at various points during the 
life of the structure. The details of these models are 
presented in Appendix I. The basis for the single site 
model is a linear elastic fracture mechanics-based 
approach. The model has been developed for appli-
cations involving non-over lapping single circular 
hollow section (CHS) K-joints (see Fig. 1) such as 
those common to planar Warren trusses. 
The basis for the multiple site model employed 
herein is a systems reliability-based approach, 
wherein the entire tubular joint or truss is considered 
as a simple series system (see also Appendix I). 
For the probabilistic analysis of each potential 
crack site, the required input includes the following 
parameters: the initial defect depth, a0, the initial de-
fect shape, (a/c)0, the critical crack depth, ac, the 
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crack propagation parameters: C, m, and ΔKth, the 
various parameters describing the joint geometry 
(see Fig. 1), the weld angle and footprint length, θw 
and Lw, the hot-spot stress, σhs, due to the dead load, 
and a range-mean histogram of the hot-spot stresses 
due to the passage of vehicles over the bridge. 
 
Figure 1. Non-overlapping single K-joint. 
 
Among these parameters, ac, m, and the joint ge-
ometry parameters are treated deterministically, 
while the parameters a0, (a/c)0, C, and ΔKth are de-
scribed by statistical variables. Several additional 
statistical variables are introduced in the form of fac-
tors to consider uncertainties associated with: the 
dead load and traffic induced hot-spot stresses, the 
weld angle and footprint length, and a number of 
other parameters contained in the crack propagation 
model including the magnification and correction 
factors, Mk and Y, stress concentration factor, SCF, 
and degree of bending, DOB (see Appendix I). 
Along with these deterministic parameters and 
statistical variables, additional parameters are intro-
duced to describe the residual stresses along the an-
ticipated crack path due to: 1) the welding process, 
and 2) the subsequent post-weld treatment applica-
tion. These parameters are also discussed in greater 
detail in Appendix I. Herein, it is assumed that 
treatments such as needle peening have the primary 
effect of introducing compressive residual stresses 
near the treated surface, which tend to reduce crack 
propagation rates at smaller crack depths. 
3 DESCRIPTION OF BRIDGE STRUCTURE 
The characteristics of the example bridge structure 
studied herein were established based on a survey of 
existing tubular truss bridges. These characteristics 
can be summarized as follows (see Fig. 2): 
− highway bridge with 3 x 40 m spans supporting 
two opposing lanes of traffic, 
− cross section consisting of an 11 m wide concrete 
slab sitting on two planar tubular trusses (full 
composite action assumed), and 
− Warren truss configuration assumed with single 
CHS K-joints (θbr = 55°, 12 truss bays per span). 
The bridge was designed based on a deterministic 
code-based fatigue verification carried out in accor-
dance with the requirements of the Swiss SIA Codes 
(2003), including the following assumptions: 
− Planned service life = 70 years. 
− 40 tonne legal truck weight limit. 
− Principal road traffic → 5·105 trucks/dir./year. 
The design truck used in the SIA (2003) code-based 
fatigue verification consists of two 270 kN axle 
loads spaced 1.2 m apart. The verification consists 
of evaluating the following relationship:  
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where ΔσE2 is the equivalent design hot-spot stress 
range at 2·106 cycles, calculated as follows:  
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where Δσ(Qfat) is the hot-spot stress range, Δσhs, at 
the location of interest due to a single passage of the 
design truck and λ1 is a damage equivalence factor 
(λ1 = 1.42 for a 40 m bridge span on a principal 
road). In Equation 1, Δσc,t is the fatigue strength cor-
responding with 2·106 applied stress cycles. Accord-
ing to Schumacher (2003), Δσc,20 = 86 MPa should 
be used for the hot-spot stress-based design of tubu-
lar bridge joints, with a reference wall thickness of 
20 mm, and the following size effect correction: 
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In Equation 1, γMf takes on a value between 1.0 and 
1.35 depending on the ease with which fatigue dam-
age may be detected / repaired and the consequence 
of fatigue failure. For each joint along the bottom 
chord of the interior span, this verification was car-
ried out for each of the hot-spots in Figure 1. 
Under a given set of loads, the hot-spot stress, σhs, 
at a given potential crack site or hot-spot can be de-
termined using the following expression: 
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where σax_br is the nominal member stress due to 
balanced axial brace load case; and SCFax_br is the 
corresponding stress concentration factor, etc. The 
five load cases implicated in Equation 4 are shown 
in Figure 3. The associated nominal member stresses 
can be determined by structural analysis. 
In the current study, the SCFs in Equation 4 were 
determined using tables for CHS K-joints from 
(Schumacher 2003). These tables require as input 
the hot-spot location and the following parameters: 
β (= d/D), γ (= 0.5·D/T), τ (= t/T), and θbr. 
Figure 2. Example tubular bridge structure. 
 
To determine the nominal member stresses, a 
simplified structural analysis was carried out 
wherein no interaction or load sharing between the 
two trusses was considered (i.e. each truss was as-
sumed to support half of the dead load and half of 
the traffic load). The slab was assumed to be 300 
mm thick over each truss, thinning to 250 mm at the 
edges and centre of the deck. Reinforcement ratios 
of 1% and 1.5% were assumed at the mid-span and 
over the support respectively. A modulus of elastic-
ity ratio (Esteel / Econcrete) of 10 was assumed. The 
slab was assumed to be cracked over the supports, 
meaning that only the reinforcement was assumed to 
contribute to the top chord stiffness in these areas. 
At each hot-spot location, the equivalent design 
hot-spot stress range, ΔσE2, was calculated by taking 
the nominal member stress ranges for each of the 
five load cases in Figure 3, multiplying them by the 
appropriate SCFs, and summing the results to get the 
total hot-spot stress range, Δσ(Qfat), as recommended 
in (Zhao et al. 2000). In employing this approach, 
phase effects were conservatively ignored, i.e. it was 
effectively assumed that the stress peaks for each 
load case occur at the same truck position. 
 
Figure 3. Joint model and nominal member load cases. 
 
Using the verification approach described above, 
the member sizes in Figure 2 were selected, resulting 
in a bridge truss with joints that were more-or-less 
uniformly under-designed for fatigue, regardless of 
the value for γMf assumed. Considering phase effects, 
i.e. by first calculating the hot-spot stress for each 
truck position using Equation 4 and then determin-
ing the hot-spot stress range using the resulting hot-
spot stress influence line, was seen to improve the 
situation somewhat, as seen in Figure 4. 
 
Figure 4. Design ratios, {DR}PE, considering phase effects. 
 
In this figure the results are presented of the de-
terministic verification considering phase effects 
(assuming γMf = 1.35) for each hot-spot on each 
brace member of each joint along the bottom chord 
of the interior span (numbered as in Fig. 2). An en-
velope of the design ratio, DR, ignoring phase ef-
fects for the worst hot-spot on each brace member is 
included for comparison purposes. 
From this figure, it can be deduced that the ex-
ample structure can be made to pass the determinis-
tic verification if phase effects are considered and a 
lower value for γMf is permitted, such as 1.0. If use of 
the higher γMf value is deemed necessary, then the 
example structure almost passes the verification if 
phase effects are considered, but fails by a consider-
able margin if these effects are ignored. 
Also important to note in this figure is that the 
performance of each of the joints appears to be 
largely determined by Sites 1L, 11L, 1R, and 11R. 
4 PROBABILISTIC ANALYSIS 
Following the code-based fatigue design of the ex-
ample bridge structure, a probabilistic analysis was 
conducted of each hot-spot (untreated) on each of 
the seven joints numbered in Figure 2. 
To perform these analyses, the single site prob-
abilistic model described in Appendix I was em-
ployed. As discussed in (Walbridge 2005), the re-
quired hot-spot stresses were determined in the same 
way as in the code-based verification considering 
phase effects. The required weld geometry parame-
ters were determined at each hot-spot using paramet-
ric equations based on the AWS Code (2000). 
In order to simulate realistic loading conditions, a 
traffic model was needed. The model eventually 
adopted consists of three truck types, with weight 
distributions as shown in Figure 5. The contribution 
of each truck type to the total traffic volume is also 
indicated in this figure. This model is based on 
weigh scale measurements taken on the main high-
way between Bern and Zurich, Switzerland (Kunz & 
Hirt 1991), modified to consider the new 40 tonne 
Swiss legal truck weight limit as discussed in (Wal-
bridge 2005). In using this model, the truck weights 
were multiplied by a dynamic factor of 1.3. 
 
Figure 5. Traffic model used in probabilistic analysis. 
 
The assumed values for the statistical variables 
required to apply the single site probabilistic model 
are summarized in Table 1. In this table the ‘VAR’ 
variables are typically factors by which the input pa-
rameters described by the subscripts are multiplied. 
The applied stresses due to the traffic and dead 
loads, for example, are multiplied by the variables: 
VARtraffic and VARdead. Regarding these variables, it 
should be pointed out that the mean values for Vari-
ables 2, 12, and 13 were determined by calibration 
using the test results from (Schumacher 2003). With 
these values, the model was seen to closely predict 
the mean and scatter of these test results. 
To solve the resulting probabilistic fracture me-
chanics problem, a FORTRAN 90 subroutine em-
ploying the Monte Carlo simulation (MCS) solution 
method with a crude importance sampling scheme 
was used to determine the probabilities of failure, pf, 
for the various hot-spots corresponding with the pas-
sage of a given number of trucks, Tr. 
With the resulting pf vs. Tr data, a reliability en-
velope was calculated for the interior span of one 
truss on the example bridge structure (see Fig. 6). 
This envelope takes into account the uncertainty in 
the true level of correlation between the probabilities 
of failure of the various hot-spots, as discussed in 
Appendix I. To produce this envelope, several ap-
proaches were considered to account for the top 
chord joints in the example structure. For illustrative 
purposes, the fatigue lives of the hot-spots in these 
joints are assumed herein to be sufficiently high that 
the fatigue reliability of the entire truss can be taken 
as roughly equal to that of the bottom chord. 
 
Table 1. Statistical variables.  
Variable i µx σx Dist. Units 
a0 1 0.2 0.045 LN mm 
(a/c)0 2 0.5 0.16 LN - 
VARtraffic 3 1.0 0.15 N - 
VARdead 4 1.0 0.10 N - 
VARDOB 5 1.0 0.08 N - 
VARSCF 6 1.0 0.04 LN - 
VARMk 7 1.0 0.05 LN - 
VARLw 8 1.0 0.10 N - 
VARθw 9 1.0 0.10 N - 
VARweld 10 1.0 0.25 N - 
VARpwt 11 0.5 0.10 N - 
LN(C) 12 −28.80 0.55 N LN((mm/cycle)· (N/mm−3/2)m) 
ΔKth 13 100.0 15.0 LN MPa√mm 
ac - 0.5·T - det. mm 
fy - 355 - det. MPa 
m - 3.0 - det. - 
 
Following the analysis of the untreated structure, 
a second series of calculations was performed with 
each potential crack site treated by needle peening. 
With the results of these calculations, a second reli-
ability envelope was produced for the treated struc-
ture (see also Fig. 6). Comparing the envelopes for 
the untreated and treated structures, the potential 
benefit of the treatment could be determined. 
Looking at Figure 6, it can be seen that the bene-
fit of post-weld treatment was significant for the 
studied example bridge structure. In order to quan-
tify this benefit, the fatigue lives of the untreated and 
treated bridges can be compared at a given target re-
liability index, βtarget. In (Walbridge 2005), for ex-
ample, comparisons are made at βtarget = 3.74. This is 
the target index suggested in the Eurocode EN 1990 
(2002) for a structure with a design life of 70 years, 
a low level of redundancy, and limited possibility for 
inspection / repair. If this target index is used to 
compare the envelopes in Figure 6, the benefit of 
treatment can be seen to be a 98 to 267% fatigue life 
improvement, depending on whether the results ob-
tained with the upper or the lower bound series sys-
tem models are used for the comparison. 
 
Figure 6. β vs. Tr envelopes for example bridge structure. 
 
Using the analytical approach described above a 
number of studies where carried out to determine the 
effects of variations in a number of the treatment pa-
rameters, as discussed in (Walbridge 2005). One 
useful result of these studies was the finding that the 
same treatment benefit could be achieved with a par-
tial treatment strategy (TS4 in this reference), 
wherein only Sites 1 and 11 on the left and right 
braces are treated, as illustrated in Figure 7. 
 
Figure 7. Full (TS3) and partial (TS4) treatment strategies. 
 
This finding can be explained by examining the 
deterministic design ratios in Figure 4. Apparently 
post-weld treatment by needle peening is sufficient 
to increase the fatigue lives of Sites 1 and 11 to a 
certain extent, but this improvement is not so great 
as to make these sites less critical than the next most 
critical untreated site with treatment strategy TS4. 
Another potentially useful result of the probabil-
istic calculations is that the single site results for the 
untreated bridge can be used to perform a verifica-
tion of the deterministic, code-based design. The re-
sults of such a verification are summarized in Figure 
8. In this figure, the design ratio considering phase 
effects, {DR}PE, and assuming a low level of redun-
dancy and limited possibility for inspection / repair 
(γMf = 1.35) is plotted verses the calculated fatigue 
life corresponding with βtarget = 3.74.  
Figure 8. Verification of code-based design. 
 
Looking at this figure, it can be concluded that 
according to the probabilistic model, the code-based 
design gives safe results for single potential crack 
sites, even when phase effects are considered. In 
other words, there is no case where the code-based 
design deems a potential crack site to be adequate, 
while the probabilistic model suggests it is not.  
A number of the sites in Figure 8 are seen to per-
form much better than might be expected simply by 
looking at the deterministic design ratio. The main 
reason for this is that the code-based verification 
does not consider the beneficial effects of compres-
sive stresses at the various potential crack site im-
posed by the dead loads. These stresses have a posi-
tive effect on the fatigue lives of these sites similar 
to that induced by the post-weld treatment. 
As discussed in (Walbridge 2005), this verifica-
tion is conservative in that the failure criterion for 
the probabilistic calculation is crack growth to a 
critical depth of ac = 0.5·T (or t). In fact, tubular 
structures are known to possess a certain reserve ca-
pacity beyond crack growth to this depth. According 
to van Wingerde et al. (1997), for example, the time 
to total joint failure is on average 1.49 times as long 
as the time to through thickness cracking. In addi-
tion, a constant, but conservative DOB has been as-
sumed for all of the load cases in Figure 3.  
One potentially unconservative assumption made 
by the probabilistic model is that the crack tip load-
ing mode is essentially the same for all of the load 
cases in Figure 3 (i.e. primarily opening or Mode I 
loading). It is thought that the error due to this as-
sumption should be small, although further study of 
the effect of the true crack tip loading mode may be 
of value if phase effects are to be routinely consid-
ered in the code-based design. The results of this 
further study are not, however, expected to have se-
rious implications on the calculated benefit of post-
weld treatment as seen, for example, in Figure 6. 
Planned 
service life 
5 WELD ROOT VERIFICATION 
One potential concern with the use of post-weld 
treatment methods is the increased possibility, with 
treatment, that the eventual failure of the joint will 
result from fatigue cracking at the weld root. Crack-
ing at this location is generally considered to be 
much less desirable, as there is no possibility in this 
case for early detection by visual inspection. 
One possible fatigue assessment approach for the 
weld root, inspired by the hot-spot stress approach 
commonly used for the weld toe, is discussed in 
(Health and Safety Executive 1999). This reference 
provides a set of parametric equations for a factor, 
RSCF, which relates the maximum SCF at the weld 
root to that at the weld toe, i.e.: 
root,max
SCF
toe,max
SCF
R
SCF
=  (5) 
These equations require as input the following pa-
rameters: β, γ, τ, ζ (= g/D), and θbr. Equations are 
provided for two of the brace load cases (ax_br and 
ipb2_br) in Figure 3. As is often the case with re-
search conducted primarily for the offshore industry, 
the validity range for the γ parameter is much higher 
(12 ≤ γ ≤ 30) than the range for this parameter com-
mon to tubular bridge structures. If this range is ig-
nored, however, these equations can be applied to 
the example bridge to determine the possible impli-
cations of weld root cracking. The results of such an 
application are summarized in Figure 9. 
To generate the design ratios for the weld root in 
this figure, it was assumed that RSCF was the same 
for both brace bending load cases in Figure 3. Fur-
thermore, it was assumed that the chord load cases 
would not affect RSCF. On this basis, a hot-spot stress 
range for the weld root was calculated. Phase effects 
were ignored in this calculation because it was nec-
essary to separate the effects of the various load 
cases to apply these equations. The applied stress 
range was then compared to a fatigue strength at 
2·106 applied stress cycles, Δσc,t, of 90.6 MPa for the 
weld root, as proposed in (Health and Safety Execu-
tive 1999), corrected for size using Equation 3, as-
suming (conservatively) that the weld root crack will 
occur in the thicker chord wall. 
Looking at Figure 9, it can be concluded that 
cracks will most likely always initiate from the weld 
toe in the untreated bridge. In this figure, a theoreti-
cal design ratio is presented for the bridge treated us-
ing strategy TS4. As the deterministic design ratios 
for the treated sites could not be calculated, these 
sites were simply not considered in the determina-
tion of the design ratios for the joints, effectively 
modelling the case of perfect treatment. Comparing 
the data for the treated weld toe and the untreated 
root, it can be seen that the post-weld treatment 
should not result in a shift in the critical crack site 
from the weld toe to the weld root if this partial 
treatment strategy is employed. 
To make sure of this, it is recommended that the 
weld root be designed with a fatigue life 100 to 
200% greater than that of the weld toe (Health and 
Safety Executive 1999). This can be equated to en-
suring that the design ratio of the root is 1.25 to 1.44 
that of the toe if an S-N curve slope of m = 3.0 is as-
sumed. A fourth curve in Figure 9 shows the maxi-
mum allowable design ratio for the weld toe using 
the more severe of these two limits. As can be seen 
in this figure, the benefit of treatment using strategy 
TS4 can still be deemed permissible on this basis. 
 
Figure 9. Deterministic weld root verification. 
6 CONCLUSIONS 
The analyses presented herein demonstrate the po-
tential of post-weld treatment methods such as nee-
dle peening for increasing the fatigue lives of tubular 
bridge structures. Herein, it is also shown that the 
same treatment benefit can be achieved for tubular 
bridges similar to the studied example bridge struc-
ture with a partial treatment strategy that would 
likely be much less costly than full treatment. 
Finally, a deterministic verification of the weld 
root is presented. Although this verification shows 
that the adopted partial treatment strategy will not 
cause the critical crack location to shift to the weld 
root, further work is clearly needed to develop pa-
rametric equations for the RSCF factor that are 
adapted to tubular joints with geometries typical of 
bridge structures. In addition, there may be value in 
modifying the weld root verification procedure so 
that phase effects can be more easily considered. 
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8 APPENDIX I – PROBABILISTIC MODELS 
8.1 Single site model 
The limit state function, G(z), for the probabilistic 
single site model employed herein is founded on the 
Paris-Erdogan crack growth law, modified to con-
sider crack closure effects and a threshold stress in-
tensity factor (SIF) range, ΔKth, and integrated over 
a crack depth range, a0 to ac. Specifically: 
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where Kapp,max and Kapp,min = maximum and mini-
mum SIFs due to the applied load; and Kop = applied 
SIF at which crack tip opens upon loading. 
Herein, Kop is calculated as follows: 
( )op res plK K K= ! +  (A3) 
where Kres = SIF due to residual stress distribution 
along anticipated crack path; and Kpl = crack closure 
SIF. Herein, Kpl is calculated using the following 
empirical expression from (Bremen 1989): 
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where Reff = effective stress ratio. Specifically: 
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Kres is calculated at each crack depth increment us-
ing the approach proposed by Albrecht & Yamada 
(1977). The assumed stress distributions needed for 
this approach are based on those proposed by Stacey 
et al. (2000) and Bremen (1989) for the welding and 
post-weld treatment (PWT) residual stresses.  
The assumed residual stress distribution due to 
the welding process is as follows: 
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where b = depth below surface; and T = wall thick-
ness of cracked member. In this expression, VARweld 
is a statistical variable introduced to consider the un-
certainties associated with this stress distribution.  
The assumed PWT residual stress distribution is: 
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where dp = imprint diameter of peening tool (1.5 mm 
for needle peening). To determine the combined 
(welding plus treatment) stress distribution, σres(b), 
the parameter PWT is introduced, such that: 
( ) ( ) ( )( )
( )
MIN ,  if 1
 if 0
res pwt weld
weld
ó b ó b ó b PWT
ó b PWT
= =
= =
 (A8) 
To solve Equation A2, Kapp is determined using the 
following expression from (Bowness & Lee 1999): 
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where σhs,app = applied hot-spot stress; Mkm, Mkb, Ym, 
and Yb = magnification and correction factors for the 
bending (σb) and membrane (σm) stress cases; and 
DOB = degree of bending (= σb / (σb + σm)).  
In using this approach, it is essentially assumed 
that a weld toe crack anywhere on a tubular joint be-
haves in the same way as a similar crack in a T-butt 
joint such as the one in Figure A1.  
 
Figure A1. Crack at weld toe of T-butt joint. 
 
Herein, Mkm and Mkb are solved using parametric 
equations from (Bowness & Lee 1999). These equa-
tions require as input the following parameters: a/T, 
a/c, Lw/T, and θw. Ym and Yb are solved using para-
metric equations from (Newman and Raju 1981). 
These equations require as input the following pa-
rameters: a/T and a/c. The DOB is solved using pa-
rametric equations from (Connolly et al. 1990), mak-
ing assumptions for the missing load cases, and 
ignoring the limits on γ. These equations require as 
input the hot-spot location along with the following 
parameters: α (= 2·Lch/D), β, γ, τ, and θbr. 
A one-dimensional crack propagation model is 
employed herein with the aspect ratio, a/c, varied 
according to a predefined crack shape evolution 
function wherein the initial aspect ratio, (a/c)0, may 
vary, but this ratio then evolves smoothly, converg-
ing on a fixed value of 0.2 at b/T = 0.25. 
8.2 Multiple site model 
In order to determine the probabilities of failure of 
structures comprised of tubular K-joints with multi-
ple potential crack sites, lower and upper bound reli-
ability models for series systems are employed 
herein. Specifically, it is first assumed that each K-
joint in the structure can be modelled as a series sys-
tem with 16 constituent elements, corresponding 
with each of the hot-spots identified in Figure 1 
(Note: Sites 2L, 4L, 2R, and 4R each occur twice).  
The lower bound model assumes that the prob-
abilities of failure of the individual hot-spots are 
fully independent. On this basis the probability of 
failure of the joint can be written as follows: 
( ) ( ) ( )1 1 · 1 ·...· 1f, joint f,1L f,11L f,4Rp p p p= ! ! ! !  (A11) 
where pf,joint = probability of joint failure; pf,1L = 
probability of failure of Site 1L, etc. To determine 
the probabilities of failure of tubular structures with 
multiple joints, a similar approach is employed.  
The upper bound reliability model assumes full 
correlation of the probabilities of failure at each po-
tential crack site, and takes the following form: 
( )MAX , ,...,f, joint f,1L f,11L f,4Rp p p p=  (A12) 
8.3 Additional considerations for analysis under 
realistic loading conditions 
As the probabilistic single site model is presented in 
Section 8.1, it can only be used for analysis under 
constant amplitude (CA) loading conditions. 
In order to analyze structures under realistic, 
variable amplitude loading conditions, modifications 
to the adopted fracture mechanics model are there-
fore required. A number of candidate models for 
predicting crack growth rates under variable ampli-
tude (VA) loading conditions are summarized in 
(Stephens et al. 2001). Among the simplest of these 
methods are the Equivalent constant amplitude 
stress range and Equivalent block loading ap-
proaches. Dubois (1994) and Manteghi & Maddox 
(2004) both found that fatigue life predictions made 
using the first approach are often highly unconserva-
tive for post-weld treated details. For this reason, the 
second approach is adopted herein.  
According to this approach, the VA stress spec-
trum is divided into a number of CA stress range 
blocks. At each crack depth, a, the crack closure SIF 
due to the maximum stress for each block is calcu-
lated. The rate of crack growth is then determined 
herein by calculating the damage due to each CA 
stress range block, assuming a crack closure SIF for 
all blocks equal to the largest crack closure SIF 
caused by any one block at that crack depth. 
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